Abstract Manganese (Mn) is both an essential micronutrient and potential neurotoxicant. This dual role underlies a growing body of literature demonstrating that Mn exhibits a biphasic dose-response relationship with neurocognitive outcomes. We reviewed recent epidemiologic studies from 2007 to 2016 that investigated the relationship between Mn exposure and cognitive outcomes across the lifespan: early life, school-aged children, and adulthood. In total, 27 research articles were included in this review: 12 pediatric and 15 adult studies (10 occupational and five environmental exposures). The majority of these studies provided evidence of the negative effects of Mn exposure on cognition. The pediatric literature provides evidence that both high and low levels of Mn are negatively associated with intellectual development. Future Mn research should include examination of non-linear relationships and multiple neurotoxicants across the lifespan and particularly during critical developmental windows.
Introduction
Manganese (Mn), an essential micronutrient, is required for the normal development of many organ systems and is crucial This article is part of the Topical Collection on Metals and Health to brain growth and development [1, 2] . It is ubiquitous in the environment, naturally occurring in air, water, soil, and food [3] . Excess environmental exposure may arise from contaminated drinking water [4] [5] [6] , air pollution [7••, 8-10] , gasoline enhanced with methylcyclopentadienyl manganese tricarbonyl (MMT) [11] , agricultural fungicides [12•, 13 •], infant formulas [14] , parenteral nutrition [15, 16] , and illicit intravenous drug use [17] . Abundant in the diet, nutritional intake is the most common source for those who are not occupationally exposed [18] . Tight homeostatic mechanisms maintain adequate levels within the body through regulated gastrointestinal absorption and excretion [2] . To our knowledge, naturally occurring Mn deficiency has never been reported in humans; however, through experimentation in animal models and humans, inadequate Mn consumption has been associated with reproductive defects, weight loss, impaired growth, dermatological conditions, and altered mood [19, 20] . While Mn deficiency is a potential concern, overexposure may result in accumulation in the basal ganglia within the brain and thus has been associated with adverse neurotoxic effects [21] .
Many of the initial epidemiologic studies of Mn and health outcomes examined occupational inhalation exposures within industries such as ferromanganese welding, mining, and refining. In 1837, Couper was the first to document a Parkinson's disease-like syndrome in Mn-poisoned Scottish Mn ore crushers [22] followed by Rodier in 1955 who further described Mn poisoning in Moroccan miners [23] . Elevated acute exposures to Mn have resulted in manganism, a condition characterized by Parkinsonian symptoms such as tremor, dystonia, and weakness [24] . Roels [25] and Iregren [26] were among the first to evaluate low-level Mn exposures among workers and describe subclinical effects such as memory and reaction time deficits [25, 26] , whereas Mergler [27] conducted one of the earliest community level studies to investigate the impact of low-level environmental Mn exposures on neurological function [27] .
Numerous biomarkers have been used to characterize internal dose measures of Mn. Given the essentiality of Mn for normal physiological function, it is understandable that each of these internal dose measures describe a unique aspect of Mn homeostasis. While blood Mn is the most commonly used biological indicator of Mn exposure, it may be more indicative of recent exposures rather than total body burden due to its short half-life and rapid hepatic clearance [28, 29] . Blood Mn may be best suited to characterize variability between subjects as opposed to within subjects [30] ; therefore, blood Mn may be the most appropriate measure when comparing between exposed and unexposed populations. Hair Mn has been the most widely used biomarker of exposure with cognitive associations found for children [7-9, 31, 32•, 33] , and it may adequately characterize chronic low-level exposures [34] . Mn levels in the dentin of shed deciduous teeth have been used to provide semi-cumulative measurements for both prenatal and postnatal Mn concentrations [12•, 13•, 35] . Although urine Mn has been proposed as an exposure biomarker [36••, 37, 38] , due to primary homeostatic biliary excretion of Mn and the short half-life, only slight levels of Mn are eliminated in the urine; thus, use of urine as a biomarker is not recommended [29, 39, 40] . Saliva level remains a relatively understudied marker for Mn exposure; however, the limited research available does not provide evidence of its potential utility [39, 41•] . Fingernails and toenails are noninvasive biological indicators of internal dose that have the potential to quantify longer-term exposure, ranging from 7 to 12 months [37, 40, 41•] .
It is well recognized that environmental exposures do not occur in isolation and that the toxicity of an individual chemical can be modified by co-exposure to other toxicants [42, 43] . Thus, it is important to consider other toxicant exposures, particularly those with similar health outcomes, although in research studies associating M n exposure w ith neurocognition, this has not been extensively done. Environmental tobacco smoke (ETS) is an example of one co-exposure that should be adjusted for in studies of Mn. Exposure to ETS has been recognized as a potential threat to children's health for almost two decades [44, 45] . During childhood, ETS can impact cognition and intelligence [46] [47] [48] , and there is evidence linking ETS exposure to behavioral disorders [49] [50] [51] . The toxicity of Pb has been studied for decades, and associations with decrements in intelligence and neuromotor function as well as increases in behavior problems in childhood, delinquency in adolescence, and criminality in adulthood are well established [52] . Federal bans on Pb in paint and gasoline have resulted in dramatic reductions in childhood blood Pb concentrations; however, no threshold for the effects of Pb exposure on children's cognition and behavior has been identified [53] .
Children may be particularly susceptible to the neurotoxic effects of environmental Mn exposure, as their brains are undergoing a dynamic developmental process involving complex pathways of growth, differentiation, pathway direction, and apoptosis, all of which can be influenced by environmental factors [54, 55] . Adolescence is another critical time point to consider as the brain is undergoing transformative changes that may influence intellectual function as myelination continues in that period [56, 57] . During adolescence, the prefrontal cortex undergoes substantial structural and functional developmental changes [58] [59] [60] . Additionally, elderly populations are more vulnerable to many environmental contaminants due to pre-existing conditions, lifelong exposures, and changes in absorption, metabolism, and excretion, among other factors [61] . Therefore, this review evaluates the recent literature that assesses the impact of Mn exposure on cognitive abilities across the lifespan: early life, school-aged children, adulthood, and occupational exposure.
Methods
A systematic search of the scientific literature was conducted to identify epidemiologic studies that explored the relationship between Mn exposure and cognitive outcomes. Studies of an ecological, meta-analysis, or case study design were excluded. The current review encompasses studies examining in utero and pediatric Mn exposures published between January 2013 and March 2016. Two recent literature reviews have been published: one examining pediatric exposure to metals, including Mn, in relation to cognitive and behavioral effects and another regarding manganese and childhood behavior, cognition, and motor functions [62, 63] 
Early Life Exposure to Manganese and Cognitive Outcomes
Early life is a critical window of exposure. In utero, Mn circulates through maternal blood and serves a vital role in fetal growth [64] . Maternal blood Mn concentrations increase as the gestational trimesters progress potentially due to maternal changes in Mn metabolism [64] and shifts in Mn mobilization in tissue due to elevated concentrations of estrogen and progesterone throughout pregnancy [65] . Animal models have demonstrated that Mn crosses both the blood-brain barrier and placenta [3] , providing opportunity for Mn to act as essential nutrient for growth and potential neurotoxicant, if there is an excess of exposure. Within this review, we identified five studies that examined the impact of Mn on cognition from birth to 4 years ( Table 1) .
A South Korean prospective cohort of 232 mother-child pairs collected maternal blood Mn concentrations upon arrival to the hospital for delivery, with a mean concentration of 22.5 μg/L [66••] . No specific source of exposure was identified. An inverted U-shaped association between maternal blood Mn concentrations and infant Mental Development Index (MDI) scores at 6 months of age was observed. As the mothers' blood Mn concentrations reached 24-28 μg/L, the positive association of Mn on cognition transitioned into a negative effect. Using umbilical cord blood, a study was conducted in Taiwan among 230 participants to assess in utero low dose exposures to neurotoxic metals, Mn, Pb, mercury (Hg), and arsenic (As) [67] . Statistically significant inverse associations were observed between elevated co-exposures to Mn and Pb and Comprehensive Developmental Inventory for Infants and Toddlers (CDIIT) scores at 2 years of age, suggesting an interactive effect. Elevated cord blood Mn concentrations have been associated with decreased psychomotor scores in previous research [68] .
Tooth dentin was used as a novel cumulative biomarker for prenatal and early postnatal Mn exposure [13•, 35, 69] in a California birth cohort of 204 Mexican-American maternalchild pairs exposed to maneb and mancozeb fungicides containing Mn. The neonatal line, a formation at the time of birth due to changes in dental mineralization, was used to differentiate prenatal and postnatal exposures in the children's deciduous teeth. In females whose mothers had hemoglobin levels below the normal reference range of 11.6 g/dL, prenatal Mn levels were inversely related to 6-month MDI scores. Similarly, a statistically significant inverse relationship between postnatal Mn exposure and MDI scores at 6 months was established for females only. Hemoglobin measurements were obtained as a surrogate marker to assess maternal iron (Fe) deficiency which is hypothesized to increase Mn uptake. Conversely, among males, postnatal Mn levels were positively associated with MDI scores at 24 months [13•] . A study of 60 Uruguayan children aged 14-45 months demonstrated an inverse relationship between hair Mn and Bayley Scales of Infant Development (BSID) scores for females only, in unadjusted models [31] . When models were adjusted for covariates, sex-stratified analysis showed a statistically significant positive relationship between hair Mn and receptive language scores among males. In Bangladesh, a study examined water Mn concentrations and BSID scores among 524 20-40-month-old children [70] . No statistically significant association was observed with cognition in models that also included other neurotoxicants, such as Pb and As. Due to the lack of a biomarker for Mn, exposures from other sources may not have been accurately represented in the study. These three studies are among the first to explore the relationship between Mn and cognitive skills in pre-school-aged children, a developmental stage where substantial neurological changes are readily visible [71] .
Exposure to Manganese in School-Aged Children and Cognitive Outcomes
While greater amounts of Mn are crucial for normal brain development during infancy [1] , young children may also be more vulnerable to Mn insufficiency or overexposure due to differences in homeostatic control and greater absorption and retention rates [2] . Seven of the identified studies have explored the relationship between Mn exposure and cognition among school-aged children, ranging from 5 to 12 years old (Table 1) . Recent studies have reported negative associations with cognitive outcomes at both low and high levels of Mn exposure, supporting a biphasic dose-response relationship. A study of children between the ages of 7 and 9 living near a ferromanganese refinery in Ohio was the first to establish a non-linear U-shaped relationship between both hair and blood Mn concentrations with pediatric intelligence quotient (IQ) scores [7••] . Lower IQ scores were statistically significantly associated with blood Mn concentrations greater than 11.2 μg/L or lower than 8.2 μg/L and hair Mn levels greater than 747 ng/g. Decreased IQ scores were also found at hair Mn concentrations lower than 207.2 ng/g; however, this finding was not statistically significant. Likewise, a South Korean study described cognitive deficits among school-aged children and an association with both low and elevated blood Mn levels [72] . Those A Brazilian study of 70 children reported a statistically significant negative relationship between hair Mn concentrations and IQ as well as digit span scores in 7-to 12-year-olds living near a ferromanganese alloy plant [9] . A 1 μg/g increase in hair Mn was associated with an approximate one point decrease in IQ when including maternal education as a covariate. In Ecuador, researchers found a relationship between hair Mn concentrations and reduced intelligence scores, measured on the Raven's Colored Progressive Matrix (RCPM) scale, in a group of 93 five-to eleven-year-old children [33] . Those with hair Mn concentrations higher than 2 μg/g had the lowest scores. The observed elevated levels of Mn are associated with the contamination of the Puyango River which stems from mining activities. Another study explored the relationship between exposure from Mn mining activities and learning as well as memory in Mexican children between the ages of 7 and 11 years [8] . Greater hair Mn levels were associated with lower Children's Auditory Verbal Learning Test (CALVT) scores. An association between hair Mn and long-term memory scores was observed, with females having a stronger association than males. No statistically significant relationships were established between blood Mn concentrations and cognition. A study of 69 Brazilian children aged 6 to 12 years assessed exposures to multiple metals and cognitive outcomes, indicated by the RCPM [32•] . Measured in serum, whole blood, hair, and water, statistically significant inverse relationships were established between both hair Mn and water Mn with IQ. Mn exposure in the area was tied to the natural presence of Mn in groundwater as well as maneb and mancozeb use in the tobacco fields. Mn exposure from the same fungicides was quantified in tooth dentin from 248 7-to 10-year-old children in the previously described California cohort [12•, 13•] . When considering children with prenatal blood Pb levels ≥0.8 μg/dL, statistically significant inverse associations were established between prenatal Mn and Full Scale IQ. However, when stratified by sex, higher prenatal and postnatal dentin Mn levels were positively associated with IQ scores in males. This finding is inconsistent with the current literature but demonstrates an area where further research is warranted.
Non-Occupational Exposure to Manganese and Cognition in Adulthood
The vast majority of epidemiologic studies of mature individuals have examined occupational Mn exposures. The limited prior research on non-occupational exposure suggests potential cognitive deficits related to Mn among those environmentally exposed [27, 73] . While adults are estimated to only absorb 1-5 % of ingested Mn [2] , inhaled Mn can directly enter the body and cross the blood-brain barrier by circumventing the hepatic removal system and may also be transported through olfactory neurons and directly deposited within the brain [74] . Therefore, Mn inhalation is of greater concern for adults in general community studies [75] . In this review, five of the identified studies examined the relationship between environmental Mn exposure and cognition in adult populations (Table 2) .
Two studies assessed exposures from ferromanganese refineries in Brazilian communities and found inverse relationships between hair Mn concentrations and intelligence [41•, 77] . A study of 89 Brazilian men and women assessed Mn exposure in scalp hair, axillary hair, fingernails, and saliva [41•] . In addition to the relationships described in hair, elevated fingernail Mn levels were found to be associated with lower scores in visual working memory. No associations were detected with Mn in saliva. Another Brazilian cross-sectional study of 82 mothers found an association among hair Mn concentrations and lower Raven's Standard Progressive Matrix (RSPM) scores after adjusting for age, education, and income [77] .
Air measurements were frequently used in the studies included in this review to estimate Mn exposure [10, 36, 76] . In a Central Mexican mining district, air Mn levels 0.1 μg/m 3 and greater were associated with lower scores on the Digit Span Forward and Backward Tasks among 288 men and women [10] . Measured blood Mn concentrations were not significantly related to any outcome. A pilot study conducted in the same area found a correlation between blood Mn and poorer intelligence scores on the Mini-Mental State Examination (MMSE) [73] . Using the US EPA's AERMOD dispersion model, a study of 186 adult participants living in rural Ohio determined personal estimates for chronic exposure to Mn in air [76] . Scores in working and visuospatial memory were inversely correlated with levels of Mn in air.
An Italian study included elderly residents living near former ferromanganese plants in a region previously described as having an increased prevalence of Parkinsonian disorders [85] . Elevated levels of Mn in the soil were associated with poorer RCPM when comparing the residents and an unexposed reference group [36] . The study of 82 participants also found an inverse correlation between urinary Mn concentrations and Trail Making Test (TMT) scores. Limited research exists on the impact of Mn on cognitive functions in elderly populations. However, this investigation contributes to the existing literature, suggesting negative cognitive impacts of Mn exposure may occur across the lifespan.
Occupational Exposure to Manganese and Cognitive Deficits
One of the earliest descriptions of Mn overexposure was in an occupational study of Chilean miners who presented with the condition referred to as Blocura manganica^meaning Mn madness [86] . In the mid-1900s, overexposure among Moroccan miners was deemed as one of the most critical occupational threats due to the potential of serious motor and mental disabilities [23] . As technological advancements and exposure control measures were implemented, intense acute exposures decreased and the focus of research shifted to chronic lower level exposures and the corresponding health implications. Seven of the ten included studies were crosssectional [37, 38, 78••, 80-83] , and three were follow-up studies with prospective longitudinal designs [5, 79, 84] (Table 2) .
In 1990, a study was conducted among Mn-alloy workers and referents in Canada with statistically significant cognitive deficits described among the exposed workers [5] . Neurological functions were again assessed among the cohort 14 years after the closure of the study. When compared with referents, Mn exposure was associated with lower cognitive flexibility scores, captured on the TMT and Symbol Digit Modalities Test, in those workers who were 45 years or older when exposure had ceased. A follow-up study of similar design recruited 26 participants from a previous cohort of Bay Bridge welders to assess the permanency of Mn-related health outcomes 3.5 years after reducing or eliminating Mn exposures [79] . Improvements in Verbal IQ (Wechsler Adult Intelligence Scale (WAIS)-III), cognitive flexibility (Stroop Color/Word), visuospatial memory (Rey-Osterrieth), visuomotor tracking speed (WAIS-III), and verbal skills (WAIS-III) were seen at follow-up when compared to the baseline scores. A third prospective study was conducted among 53 steel workers in Denmark. Slight visuomotor deficits were associated with the steel workers; however, no statistically significant relationships were observed with respect to a measure of psychometric intelligence [84] . A study in Russia estimated that welders had on average 5.1 μg/L greater blood Mn concentrations than the referents [38] . Additionally, Mn concentrations were measured in urine and air. Both blood and air Mn concentrations were inversely related to scores on the Digit Symbol test. Another study noted a negative relationship between blood Mn and Korean Complex Figure Test (K-CFT) scores among 43 welders and 29 controls in Korea [38, 83] . Pallidal Index (PI) was associated with cognitive impairments, suggesting that the PI may be a better marker of cognitive ability than blood [83] . Supporting the aforementioned conclusions, a study conducted by the same research group within the same study population described decreased memory functions among welders when compared with a control group. Functional MRI results suggest that compared to healthy controls, Mn-exposed welders have increased brain activation in networks of working memory [82] . A study in Iran assessed 90 welders, smelters, and controls for neuropsychological outcomes on the Cambridge Neuropsychological Test Automated Battery (CANTAB) and found that biomarkers of Mn exposure in urine, blood, toenails, and air were statistically significantly higher among the workers [37] . All three biomarkers demonstrated negative correlations with many of the measured neurocognitive outcomes.
A recent occupational study of Mn-exposed workers was the first to evaluate the correlation between Mn exposure and cognition via the Montreal Cognitive Assessment (MoCA) [78••] . Cumulative exposure index (CEI) values were calculated based on an 8-h time-weighted average of Mn air exposure from within the specific factory department and the number of Mn exposure years. Higher Mn CEI values were inversely related to cognitive function and levels of plasma brain-derived neurotrophic factor (BDNF), a protein important in learning and cognition. The data suggest that plasma BDNF levels may be of potential use as an indicator of Mnrelated cognitive impairment [78••] . In a study of 46 apprentice welders, CEI was statistically significantly associated with CPT score deficits, suggesting Mn impacts at low levels. In this study, total CEI was calculated based on the worker's past exposure, including the time spent on specific tasks, average Mn concentrations, and the percentage of time using a respirator [40, 80] . Using CEIs, calculated based on employment records and personal air sampling, to represent inhalable and respirable Mn exposure, an Australian study among 143 smelters found statistically significant associations with lower Digit Symbol, Stroop Color-Word task, and TMT scores [81] . The authors note that age, education, and estimated IQ are more indicative of neuropsychological performance than the calculated Mn exposure.
Discussion
This review supports the existing premise that Mn is both an essential micronutrient and potential neurotoxicant. Mn exhibits a non-linear or hormetic dose-response [87] as illustrated in Fig. 1 . Throughout childhood, both high and low levels of Mn have been negatively associated with intellectual development [7••, 66••, 72, 88] . To our knowledge, no studies among adult populations have examined a potential non-linear association between Mn and neurocognition. Inclusion of multiple neurotoxicants within statistical models is critical when considering the potential neurotoxicant role of Mn on neurocognition. Exposure to ETS, even at very low levels, is associated with decreased cognitive outcomes among adolescents [48] . A biomarker of ETS exposure, serum cotinine was included as a potential confounder in several studies [7••, 72] reducing recall bias and strengthening the analyses by quantifying exposure to this known neurotoxicant thereby better avoiding confounding by ETS. While the majority of the pediatric studies in this review do not include an indicator of ETS exposure in the statistical analysis, three studies captured self-reported smoking during pregnancy [12•, 13•, 67] . The correlation between Pb and cognition has been wellestablished with no known safe level of exposure [53] . Several epidemiologic studies have observed interactive effects between the two metals on intelligence during early life [67, 89] as well as adolescence [12•, 90] ; however, this is not true for all studies [13•, 70, 91] . The majority of the pediatric studies included in this review did consider Pb as a potential confounder. Although independent exposures to As and Mn have been associated with cognitive decrements, Mn and As interactions have not consistently been proven significant [4, 92, 93] . In a study near a hazardous waste site, statistically significant interactions were observed between the elements Fig. 1 Observed inverted U-shaped association between manganese exposure and neurocognition in pediatric populations [94] ; however, several studies did not detect significance among As and Mn interactions and cognition [32•, 67, 70, 92] .
Stronger associations between Mn exposures and cognitive deficits among females have been suggested by several studies [8, 12•, 13•, 31, 95, 96] . These differences may be due to fluctuations in Fe and hormone levels as females are more likely to be deficient in Fe due to menstruation, limited bioavailability of dietary Fe, and pregnancy [97, 98] . Several previous epidemiologic studies have suggested a correlation between Fe deficiency and elevated Mn concentrations in blood during infancy [99] , early childhood [100] , and adulthood [97] , highlighting hemoglobin and ferritin as important potential covariates. In two of the child studies, there were no sex differences in mean hair Mn concentrations [8, 95] , and in the third study, boys had statistically significantly higher levels of hair Mn [31] . Therefore, it is hypothesized that the gender differences demonstrated in younger children are not in the uptake of Mn but rather in Mn neuropathology. Among schoolaged children, higher prenatal and postnatal Mn levels were positively associated with IQ scores in males [12•] . In contrast, Mergler et al. discovered gender differences in a community level study of adults, suggesting that males are at greater risk of impact from Mn exposure [27] . These observations regarding sex differences support previous studies which have shown that estrogen plays a neuroprotective role against toxic exposures [101] . Younger girls with lower estrogen levels may be more vulnerable to the cognitive impacts of Mn overexposure, while mature women with higher levels of estrogen may experience its neuroprotective effects. Studies regarding male exposures are more abundant in the literature due to the saturation of occupational studies, predominantly conducted among male participants. Thus, future studies should consider sex differences and include measures of Fe status.
The persistence of Mn-induced cognitive effects remains an important factor with regards to remedial efforts. Bouchard et al. [5] and Bowler et al. [79] observed restoration in certain cognitive areas after the termination of occupational Mn exposures for many years. In Italy, Lucchini et al. did not find any statistically significant associations among low-level Mn and cognition in adolescents [91] . This may be attributed to the historical cessation of high levels of Mn in the area when the children were in their first years of life, suggesting the potential reversibility of Mn-induced cognitive impairment [91] .
A case study involving two siblings, both receiving parenteral nutrition, found decreases in blood Mn concentrations and Mn deposition in the basal ganglia, revealed by MRI, following a reduction in Mn supplementation [102] . Neither child had clinical symptoms of Mn overexposure; therefore, the data suggest that overtime Mn can be cleared from the brain in circumstances when subclinical exposure has ceased.
Future Directions
There are several key areas that need further exploration related to Mn exposure and neurocognition, including (1) identification of a biomarker or a combination of biomarkers that could be used to indicate levels at which there would be cause of concern; (2) examination of potential covariates, including Fe, and other metals that may influence cognition in conjunction with Mn; (3) examination of the non-linear relationship between Mn and neurocognition in adult populations; and (4) basic science research to explore the role of hormones in both males and females in redistributing Mn from tissue stores and its impact on neurocognition and the interplay between Ca and Mn in bone health.
Other sources of Mn exposure including soy-based formulas and parenteral nutrition need further exploration on their potential neurocognitive impacts. In this review, only one of the identified studies examining fetal Mn exposure included breastfeeding status as a covariate [66••] . Another study captured breastfeeding duration; however, the variable was not statistically significant within the model [13•] . Due to the lack of epidemiologic data, future studies should both evaluate breastfeeding status and, in cases where the child is formula fed, consider the specific formula compositions. In addition, epidemiologic research regarding cognition and Mn supplementation in parenteral nutrition is necessary to form safe healthcare policies and practices.
Conclusion
In recent years, epidemiologic studies have explored the vulnerability of whole life Mn exposures, ranging from in utero to 75 years. The evaluation of covariates known to play a role in neurotoxicity, such as ETS, Pb, and As, should be included in statistical models, along with a measure of Fe status. Moreover, the role of Mn as both essential micronutrient and neurotoxicant warrants inclusion in statistical models examining the relationship between Mn exposure and neurocognition across the lifespan.
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